The interaction between platelet glycoprotein (GP) Ib␣ and von Willebrand factor (VWF) is essential for initiation of hemostasis. The sulfation of the 3 tyrosine residues 276, 278, and 279 in GPIb␣ is an important posttranslational modification that seems to promote the interaction with VWF. The environment where sulfation of tyrosines occurs has been proposed to contain highly acidic residues. This investigation has examined the highly acidic region from Asp249 to Asp287 in the mature GPIb␣ protein. Changes to most of the carboxylic acids in this region resulted in decreased reactivity to VWF. Only 3 mutants (Glu270Gln, Asp283Asn, Asp283Asn/ Glu285Gln/Asp287Asn) resulted in the abolition of sulfation. Two novel mutations were also created. First, a deletion of the 7 amino acids from Tyr276 to Glu282 led to a loss of sulfation and totally abolished VWF binding in the presence of botrocetin. This confirms that it is these 3 tyrosines that undergo sulfation and that this region is crucial for botrocetin-mediated VWF binding. The second mutation involves changing the lysine residues at 253, 258, and 262 to alanine. This also led to distinct changes in VWF binding and abolition of sulfation. (Blood. 2002;99: 4422-4427) 
Introduction
Posttranslational modifications are important for the expression and function of proteins. Sulfation of tyrosine residues is one such modification and is catalyzed by tyrosylprotein sulfotransferase in the trans-Golgi network. 1, 2 This modification is crucial in the interaction between many plasma proteins such as fibronectin and fibrin, 3 hirudin and thrombin, 4 coagulation factor VIII, and von Willebrand factor (VWF) 5 and glycoprotein (GP) Ib␣ with both VWF and thrombin. [6] [7] [8] [9] [10] The interaction between the platelet membrane protein GPIb␣ and VWF is essential for initiation of hemostasis. GPIb␣ is the ligand-binding subunit in the GPIb-V-IX receptor complex. [11] [12] [13] [14] [15] Each of the 4 polypeptides of this complex spans the platelet membrane once and is a member of the leucine-rich motif family. [16] [17] [18] [19] The binding site for VWF is located in the amino-terminal domain of GPIb␣ [20] [21] [22] and the proposed sulfated tyrosine residues are located within this region at positions 276, 278, and 279. [6] [7] [8] The consensus sequence for tyrosine sulfation has not been fully defined, but the presence of acidic amino acids adjacent to the tyrosine residues seems to be important. [23] [24] [25] Three of the 9 tyrosine residues within GPIb␣ are located in a region with 43.5% acidic residues encompassed by Asp249 to Asp287 (Figure 1) . A previous examination of the carboxylic acids in this region has demonstrated how these amino acids affect both the conformation of the amino-terminal region of GPIb␣ and the electrostatic interaction with VWF in the presence of both ristocetin and botrocetin. 26 In this investigation, specific mutations were introduced into GPIb␣ complementary DNA (cDNA) as outlined in Table 1 and the mutant DNA was expressed in Chinese hamster ovary (CHO) cells already expressing GPIb␤ and GPIX. Previous studies examining recombinant proteins in CHO cells have demonstrated that tyrosine sulfation occurs in this cell system. 6 To determine the effect of changing the aspartic and glutamic acids to asparagine and glutamine, respectively, VWF binding to the mutant proteins was examined, in a membrane-bound and complexed form of GPIb␣. Examination of VWF binding to mutated GPIb␣ indicated that specific changes led to decreased ligand binding. Further examination of those mutations that led to a decrease in VWF binding revealed 2 carboxylic acids that, after mutation, prevented sulfation of the mutant GPIb␣ receptor.
Materials and methods

Reagents
The monoclonal antibodies (mAbs) AK2 (anti-GPIb␣), AK3 (anti-GPIb␣), and WM23 (anti-GPIb␣) and purified human VWF and botrocetin were a kind gift from Professor Michael Berndt (Baker Medical Research Institute, Melbourne, Victoria, Australia).
The plasmid pZeoSV and the antibiotic zeocin were from Invitrogen (Carlsbad, CA). The pAlter-1 vector was from Promega (Madison, WI). The QIAfilter plasmid Maxi kit was from Qiagen (Hilden, Germany). The fluorescein isothiocyanate (FITC)-conjugated rabbit antimouse IgG antibody was from Silenus Laboratories (Melbourne, Victoria, Australia) and the FITC-conjugated antihuman VWF was from Serotec (Oxford, United Kingdom). The cell culture reagents fetal bovine serum (FBS) and Dulbecco modified Eagle medium (DMEM) were from Trace Bioscientific (Melbourne, Victoria, Australia). Ristocetin was from Sigma Chemical (St Louis, MO). Pansorbin beads were from Calbiochem (La Jolla, CA).
Site-directed mutagenesis
The full-length cDNA for GPIb␣ was subcloned into the mutagenesis vector pAlter-1. Site-directed mutagenesis was performed on singlestranded DNA as described by the manufacturer. The amino acid changes are outlined in Table 1 . The oligonucleotides used to change the specified amino acids were custom made by Life Technologies (Gaithersburg, MD). The DNA was sequenced to confirm the presence of the directed mutations and to identify any nonspecific mutations.
Transfection of CHO cells
The CHO-␤IX cells were grown in DMEM containing L-glutamine and 4.5 g/L glucose, supplemented with 3.7 g/L sodium bicarbonate and 10% FBS. Cells were incubated at 37°C in an atmosphere of 5% CO 2 and 90% humidity.
The cDNAs for wild-type GPIb␣ and mutated GPIb␣ were subcloned into the expression vector pZeoSV and transfected into the CHO-␤IX cells as described previously. 27 Surface expression of the GPIb receptor was determined by flow cytometry using the GPIb␣ mAbs AK3 and AK2, as previously reported. 27 
Mediated VWF-binding assay
Cells were incubated with increasing concentrations of VWF (0-8 g/mL) as described previously. 27 Binding was initiated with the addition of either ristocetin sulfate (0.75 mg/mL) or botrocetin (2 g/mL). The data are expressed as a ratio of the mean fluorescence for VWF binding over the mean fluorescence of AK3 binding, to normalize for the level of GPIb␣ expressed by the various recombinant cells.
Metabolic labeling of cells
Cells were grown to 90% confluency, then washed with serum-free DMEM, and incubated with [ 35 S]-sulfur (100 Ci/dish; 3.7 MBq) in sulfate-free DMEM containing 5% dialyzed FBS and 2% of normal concentration of methionine for 4 hours at 37°C. The metabolically labeled cells were washed with ice-cold phosphate-buffered saline and lysed in a buffer containing 50 mM Tris, pH 7.4, 150 mM NaCl, 1 g/mL leupeptin, 1.6 g/mL benzamidine, 0.1 mg/mL soybean trypsin inhibitor, 1 mM phenylmethylsulfonyl fluoride, and 1% digitonin for 20 minutes at 4°C. The cell lysates were centrifuged at 10 000g for 5 minutes to remove cellular debris and then incubated for 2 hours at 4°C with Pansorbin beads (protein A) to remove proteins that bind the beads nonspecifically. After centrifugation to remove the beads, cell lysates were first incubated with the GPIb␣ mAb WM23 (2 g/mL) overnight and then with a rabbit antimouse IgG (Zymed, South San Francisco, CA) for 2 hours at 4°C. The antigen-antibody complex was then precipitated by incubating the cell lysates with 50 L Pansorbin beads for 2 hours at 4°C followed by 5 minutes of centrifugation at 10 000g. The bead pellets were washed 3 times in lysis buffer by resuspension and centrifugation. Immunoprecipitated proteins were released from the beads by boiling for 5 minutes in sodium dodecyl sulfate (SDS)-sample buffer containing 2% ␤-mercaptoethanol (final concentration). Equal amounts of protein were loaded and separated by electrophoresis on 7.5% SDS-polyacrylamide gels. Dried gels were exposed to a phosphorimager plate for 72 hours at room temperature. The absence or presence of the incorporated [ 35 S]-sulfur was detected by scanning the plate on a Fuji BAS-1000 Bio-Imaging Analyzer (Fuji, Tokyo, Japan) and the data were analyzed with MacBAS software.
Statistical analysis
Student t test was used to test for differences between the cell lines. A P Ͻ .05 was considered to be statistically significant.
Results
Generation of recombinant GPIb␣-expressing cell lines
To examine the effects of the mutations on both VWF binding and the sulfation of the tyrosine residues, plasmids subcloned with either wild-type or mutant cDNA for GPIb␣ were constructed. Cell lines were generated expressing wild-type GPIb␣ associated with GPIb␤ and GPIX (wild-type), a vector-only control cell line (␤IX-zeo) and the 14 cell lines described in Table 1 .
Effect of mutation on expression of GPIb␣
The surface expression of GPIb␣ was determined by incubating cells with mAb AK3, followed by flow cytometric analysis. The epitope for AK3 is within the macroglycopeptide region and therefore binding should not be affected by the mutations. 27 The data for 3 clones of each mutant cell line are presented in Figure  2A . Wild-type and all the mutant cells bound AK3 indicating that these cells expressed the GPIb␣ receptor on their surface. The binding to the mutants ranged from 50% to 150% compared to wild-type. The binding was specific to GPIb␣ because ␤IX-zeo cells failed to bind AK3.
To determine if the mutations had caused conformational changes to the amino-terminal region of GPIb␣, cells were also incubated with mAb AK2. The epitope for AK2 has been localized to residues within the first leucine-rich repeat of GPIb␣ 28 and is For personal use only. on September 24, 2017. by guest www.bloodjournal.org From known to block VWF binding to both platelets 8 and recombinant GPIb␣. 28 The data presented in Figure 2B demonstrate that only Glu285Gln behaved similarly to wild-type, whereas all the other mutant clones bound significantly less AK2 than wild-type, indicating that these mutations induced a conformational change to the amino-terminal region of GPIb␣. This conformational change is also demonstrated by a reduction in the AK2/AK3 ratio compared to wild-type cells ( Figure 2C ).
Ristocetin-mediated VWF binding
To examine the effect of the mutations on VWF binding, cell lines were treated with human VWF in the presence or absence of ristocetin. We have previously demonstrated that wild-type cells bind VWF in a dose-dependent manner, whereas VWF does not bind to ␤IX-zeo cells. 27 Specificity was confirmed by blocking the binding reaction using the mAb AK2 known to inhibit VWF binding. 8, 28 The mutant cells also bound VWF in the presence of ristocetin. The data presented in Figure 3 show binding of VWF normalized for GPIb␣ expression. At all concentrations of VWF examined, the Asp274Asn and Comb-3 (Asp249Asn/Asp252Asn) mutants bound similar levels of ligand as wild-type cells. At low concentrations of ligand ( Figure 3A) , statistical analysis showed no significant decrease in VWF binding with the Glu270Gln and Comb-2 (Lys253Ala/Lys258Ala/Lys262Ala) mutants. Cells that bound less than 50% of VWF compared to wild-type included the Del (33%), Asp272Asn (17%), Asp277Asn (41%), Glu282Gln (44%), Asp283Asn (25%), and Comb-1 (Asp283Asn/Glu285Gln/Asp287Asn, 39%) mutants (P Ͻ .005, n ϭ 3). The remaining mutants bound 60% to 80% (P Ͻ .05, n ϭ 3) of the ligand compared to wild-type at 2 g/mL VWF.
At the highest ligand concentration of 8 g/mL VWF ( Figure  3B ), statistical analysis showed that the Del mutant bound similar levels of VWF as wild-type. The Comb-2 mutant (Lys253Ala/ Lys258Ala/Lys262Ala) bound 146% of VWF compared to wildtype (P Ͻ .005, n ϭ 3). This mutation was the only one in this series that resulted in increased binding to VWF at high concentrations of ligand. Cells that bound less than 50% of VWF compared to wild-type included the Asp269Asn (44%), Glu270Gln (46%), Asp272Asn (15%), Glu282Gln (45%), Asp283Asn (39%), and Comb-1 (Asp283Asn/Glu285Gln/Asp287Asn, 49%) mutants (P Ͻ .005, n ϭ 3). The remaining mutants bound 60% to 80% (P Ͻ .05, n ϭ 3) VWF compared to wild-type.
Botrocetin-mediated VWF binding
Transfected cells were also incubated with human VWF in the presence of 2 g/mL botrocetin. Wild-type cells bound VWF (0-2 g/mL) in a dose-dependent manner ( Figure 4A ), whereas no VWF was detected on the surface of the ␤IX-zeo cells. The Del mutant also did not bind VWF in the presence of botrocetin ( Figure 4B ).
Other mutant cells, however, did bind VWF in the presence of botrocetin. The data presented in Figure 5 show binding of VWF normalized for GPIb␣ expression. At all concentrations of VWF examined, the Asp272Asn, Asp274Asn, and Asp283Asn mutants bound similar levels of ligand as wild-type cells. At low concentrations of ligand ( Figure 5A ), statistical analysis showed no significant decrease in VWF binding with the Glu285Gln mutant. Cells that bound less VWF compared to wild-type included the Asp277Asn, Asp277Ala, Glu281Gln, and Glu282Gln mutants (P Ͻ .01, n ϭ 3).
At the highest ligand concentration of 2 g/mL VWF ( Figure  5B ), statistical analysis showed that the Glu285Gln mutant bound Transfected cell lines were incubated with the mAbs to GPIb␣ (A) AK3 and (B) AK2 and cell autofluorescence was detected using a mouse isotype control antibody. Bound mAbs were detected using a FITC-labeled antimouse IgG antibody, followed by flow cytometric analysis (n ϭ 2-3). (C) The data for GPIb␣ expression are also presented as a ratio of bound AK2 to AK3 binding for the mutants normalized to wild-type expression.
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TAIT et al BLOOD, 15 JUNE 2002 ⅐ VOLUME 99, NUMBER 12 For personal use only. on September 24, 2017. by guest www.bloodjournal.org From slightly less VWF than wild-type (P Ͻ .03, n ϭ 3). Cells that also bound significantly less VWF compared to wild-type included the Asp277Asn, Asp277Ala, Glu281Gln, and Glu282Gln mutants (P Ͻ .01, n ϭ 3).
Examination for tyrosine sulfation
The mutant GPIb␣ proteins were further examined for the presence or absence of sulfation by metabolically labeling cells with 
Discussion
This investigation has examined the charged residues from Asp249 to Asp287 (Figure 1 ) and their effect on the sulfation of tyrosines 276, 278, and 279. The role in regulating the VWF-binding function of the GPIb-V-IX complex was also examined and these data are summarized in Table 2 .
Two mutations to individual carboxylic acids resulted in the abolition of sulfation. These were glutamic acid 270 to glutamine (Glu270Gln) and aspartic acid 283 to asparagine (Asp283Asn). There was also loss of sulfation with the Comb-1 mutation (Asp283Asn/Glu285Gln/Asp287Asn), which confirmed that Asp283 is an important residue for this posttranslational effect. These mutations also resulted in significant changes in ristocetinmediated VWF binding and changes to the AK2 binding epitope. The decreased binding to VWF could therefore be accounted for by both the loss of sulfation and also to the conformational change in the amino-terminus of GPIb␣. This reduced binding to VWF associated with the loss of sulfation is in agreement with other more general studies examining tyrosine sulfation and VWF binding [6] [7] [8] [9] [10] ; however, this is the first report identifying specific amino acids that affect tyrosine sulfation.
The Glu270Gln and Asp283Asn mutations are positioned Ϫ6 and ϩ7 centered on the first tyrosine residue (Tyr276). These positions exist in other tyrosine-sulfated proteins described by 
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Rosenquist and Nicholas 25 and Hortin et al. 23 There were 3 of 69 proteins containing a glutamic acid residue at Ϫ6 to a sulfated tyrosine and 4 of 54 proteins contained an aspartic acid residue ϩ7 of a sulfated tyrosine. In relation to Tyr278, Glu270Gln is Ϫ8 and Asp283Asn is ϩ5. These positions also agree with those published, where 1 of 54 tyrosine-sulfated proteins contain a glutamic acid at Ϫ8 and 5 of 54 proteins contain an aspartic acid at ϩ5. In relation to the third tyrosine Tyr279, Glu270Gln is Ϫ9 and Asp283Asn is ϩ4. There are 2 of 54 proteins with the glutamic acid at Ϫ9 and 2 of 54 proteins with an aspartic acid at ϩ4. Because there are only a small number of proteins with sulfated tyrosines that actually contain a similar sequence to our protein, this further supports the fact that there is no set consensus sequence for tyrosine sulfation as proposed by Niehrs et al. 29 However, there does seem to be a predominance of glutamic acids (48 of 69 proteins) at the COOH side of the sulfated tyrosine residue, 25 which further corroborates that the result seen with the mutation to Glu270 is real.
Mutations to other carboxylic acids did not result in the abolition of sulfation; however, there was a significant decrease in ristocetin-induced VWF binding associated with decreased binding to AK2. Therefore the change in the interaction with VWF could partly be accounted for by the probable conformational change in the amino-terminus of GPIb␣ indicating that some of these residues may be involved in regulating VWF binding. These data do not distinguish those amino acids that may directly interact with VWF.
The current study has also highlighted differences in the adhesive properties of the different recombinant forms of GPIb␣. The results obtained from this study and from both Murata et al 26 and Marchese et al 7 demonstrate that the carboxylic acids located before Pro280 play a role in ristocetin-mediated VWF binding. However, our results have identified specific carboxylic acids located after Pro280 that also have an effect on ristocetin-mediated VWF binding. These findings contrast those of Murata et al, 26 who reported minimal change in ristocetin-mediated VWF binding with their mutant 2. The 2 systems used to examine binding are distinct. Murata et al 26 studied 2 mutants containing block changes to all the carboxylic acids between Ser251 and Tyr279 (mutant 1) and Pro280 and Ala302 (mutant 2). Our study has examined the individual carboxylic acids. Murata et al 26 examined soluble GPIb␣ immobilized onto nitrocellulose. We have examined the mature GPIb␣ protein associated with GPIb␤ and GPIX and containing the cytoplasmic domain, including those regions involved in cell signaling. 30 In our model system there may be effects on the receptor complex or on cell signaling that are not evident with the block mutants or with the purified extracellular fragment of GPIb␣ examined by Murata et al. 26 Another mutation that resulted in the loss of sulfation was Comb-2 (Lys253Ala/Lys258Ala/Lys262Ala). This mutation also resulted in increased binding of VWF in the presence of ristocetin and reduced reactivity to AK2. Interestingly, other groups who have also changed lysine residues in both GPIb␣ and its ligand VWF have observed this gain-of-function binding. 31, 32 These data indicate that the loss of the positively charged side chains from the lysines may allow the 2 proteins to come together more easily and this has had such a profound effect that it has led to an increased interaction between GPIb and VWF despite the loss of the sulfate groups.
The effect of the Comb-2 mutation on tyrosine sulfation was unexpected because this mutation is not located in the high negatively charged environment normally associated with tyrosine sulfation. This result could indicate that the change in sulfation associated with this mutation may be due to increased acidity caused by the removal of the positively charged side chains of the lysine residues. This could further imply that the electrostatic nature of the protein might be important for the posttranslational process. Alternatively, the reduction in positive charge may eliminate the requirement for tyrosine sulfation altogether, because there was no change to the net charge of the protein. Overall, these observations indicate the lysine residues seem important in regulating the affinity of GPIb to VWF. We also propose that lysine residues may regulate charge distribution in the ligand-binding domain of GPIb␣, as well as the sulfation of the tyrosine residues. Further studies defining this role of the lysine residues are beyond the scope of this study.
One mutation that provided a unique insight to tyrosine sulfation and to the GPIb-VWF interaction was the Del mutant. This mutation deleted the 7 amino acids from Tyr276 to Glu282 and resulted in the loss of sulfation. This has confirmed previous studies [6] [7] [8] demonstrating that it is the 3 tyrosines at positions 276, 278, and 279 in GPIb␣ that are sulfated. Removal of these sulfated tyrosine residues has led to a slight decrease in the interaction with VWF in the presence of ristocetin, indicating that these 7 amino acids may not play as major a role in ristocetin-mediated VWF binding to GPIb␣.
In contrast, these 7 amino acid residues are crucial for botrocetinmediated VWF binding as proposed by Ward et al. 8 Deletion of these residues resulted in complete abrogation of botrocetinmediated VWF binding. Mutations to the flanking carboxylic acids did not affect botrocetin-mediated VWF binding as significantly as mutations to the carboxylic acids within this region. This included the Asp283Asn mutant, which led to the loss of sulfation but did not have an effect on botrocetin-mediated VWF binding. Only Glu285Gln led to a small decrease in reactivity to VWF, whereas Asp277Ala, Glu281Gln, and Glu282Gln led to 40% to 60% decreases in reactivity compared to wild-type. Asp277Asn bound the least VWF in the presence of botrocetin indicating that this residue plays an important role in this interaction. Similar observations were made by Murata et al 26 and Marchese et al, 7 where the negatively charged residues between Ser251 and Glu285 were shown to be important in botrocetin-mediated VWF binding. †In the presence of ristocetin, the Del mutant bound less VWF at low ligand concentrations yet bound similar levels of VWF at high concentrations, compared to wild-type cells.
However, this is the first report identifying specific carboxylic acids in GPIb␣ involved in botrocetin-mediated VWF binding. These data are consistent with a recent study examining the crystal structure of botrocetin with the A1 domain of VWF, which has implicated Lys599 as being important in the VWF-GPIb interaction. 33 If positive charge residues in VWF are exposed in the proposed GPIb-binding site on VWF, then the negatively charged residues in GPIb␣ could likewise be important.
In conclusion, this investigation has clearly demonstrated that both Glu270 and Asp283 in the platelet GPIb␣ protein can directly affect sulfation of the tyrosine residues in this protein. The absence of sulfation caused by these mutations is associated with decreased interaction between the plasma ligand VWF with GPIb␣, in the presence of ristocetin, which further supports the idea that sulfation promotes specific protein-protein interactions. This investigation has also confirmed that the region from Tyr276 to Glu282 is the botrocetin-mediated VWF-binding domain in GPIb␣. Based on the observations from our botrocetin-binding studies and from the crystallography work of Huizinga et al, 33 negatively charged residues in this region may play a role in strengthening or stabilizing the VWF-GPIb interaction.
